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ABSTRACT 
PROTEIN CHANGES ASSOCIATED WITH THE INFECTION OF A NEMATODE 
BY A NEMATOPHAGOUS FUNGUS 
YEN HSU, B. A., NATIONAL TAIWAN UNIVERSITY 
M. S., UNIVERSITY OF MASSACHUSETTS 
Directed by: Professor Bert M. Zuckerman 
Biocontrol of plant pathogenic nematodes by nematophagous 
fungi has been investigated in many countries. Hirsutella 
rhossiliensis. first isolated from soil mites, produces 
adhesive spores to parasitize nematodes. Various methods to 
differentiate closely related isolates of H. rhossiliensis 
have been applied. H. rhossiliensis isolates had different 
morphological characteristics on cornmeal agar (CMA) 
including growth rates and colony appearance. In addition, 
these isolates also exhibited differences in soluble protein 
patterns on SDS gradient gels. H. rhossiliensis 62, the 
most pathogenic to C. eleaans. and the least pathogenic 
strain, A3al, showed distinct protein patterns on 7.5- 20% 
SDS gradient gels and Western blots. This indicated 
significant differences among isolates of H. rhossiliensis. 
To investigate biochemical changes associated with 
parasitism of nematodes by a fungus, H. rhossiliensis and 
the free-living nematode Caenorhabiditis eleaans were 
selected as a model system. Affinity column chromatography 
was established to absorb the cross-reacting antibodies 
IV 
produced by bvc crganisns. Anti-H. rhcssilier.sis 
anbiseriun purified by a C. elecar.s affinity colunn 
cbrciiatography reacted vitb proteins of fungus infected 
nenatodes for 48 h segregated original fungal proteins frcr 
the fungus-neratode corplex. Strain-specific proteins could 
be used as a bicrarl'cer. De novo proteins produced during 
pathogenesis vere idenrified utilizing imuncblotting and 
affinity colurn chronatography- These proteins are nest 
probably cuticle degrading enzymes essential for successful 
parasitisn. This is the first vorh to successfully identify 
novel croteins in a fun-ous-nenatode cenolex. Purther ^ 
identification and characterization of these proteins will 
expedite better understanding of fungus-nenatode 
interactions- 
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CHAPTER I 
INTRODUCTION 
The existence of fungi that trap and prey on nematodes 
was first noted by Zopf (1888). Since then over 100 
species of nematophagous fungi have been described from 
agricultural soils (Jatala, 1986). The morphology of the 
structures these fungi use in capturing nematodes varies 
from simple, undifferentiated hyphae to very highly 
specialized trapping devices. The nematode-destroying 
fungi can be classified broadly as either predatory or 
endoparasitic. Species belonging to the predatory group 
produce an extensive hyphal system in the soil. Organs of 
capture of predatory fungi have been described in detail by 
Drechsler (1934, 1941) and have been reviewed by Duddington 
(1962) and Barron (1977). Nematodes are captured either by 
adhesive or by non-adhesive devices such as adhesive hyphae, 
adhesive branches, adhesive nets, adhesive knobs, non¬ 
constricting rings and constricting rings. In contrast to 
predatory fungi, endoparasites do not develop extensive 
hyphal systems in the soil. In most cases they produce 
adhesive conidia which adhere to the cuticle of the nematode 
host, then germinate and penetrate through the cuticle to 
invade the body cavity. The life cycle is completed when 
conidiophores ramify through the cuticle, and conidia are 
formed which lie in the soil until another nematode comes 
along. Current biocontrol studies of endoparasitic fungi 
have achieved moderately successful results and commercial 
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products based on these fungi are marketed in some countries 
(Jatala, 1986). 
The species of Hirsutella comprise one of the best known 
groups of endoparasitic, nematophagous fungi. These fungi 
were originally descirbed as insect and mite parasites by 
Minter and Brady (1980). Sturhan and Schneider (1980) 
first isolated a new species, H. heteroderae which 
parasitized the hop cyst nematode and other nematodes in 
the genera Heterodera. Glpbpdera, Meloidoavne. 
Ditvlenchus, and Aphelenchus. Another species of 
Hirsutella (H. thompsonii) that parasitizes mites was 
investigated as a biological control agent (McCoy, 1981). 
Later, H. rhossiliensis was found to suppress populations 
of Criconemella xenoplax in the United States (Jaffee and 
Zehr, 1982). H. rhossiliensis produces adhesive conidia 
which adhere first to the head of nematode hosts, then in 
the tail region and finally cover the entire surface of the 
cuticle when nematodes are exposed to the fungus (Jaffee and 
Zehr, 1982, 1983). The fungus penetrates the nematode's 
cuticle, assimilates its body contents, and then emerges and 
sporulates. Nematodes are killed by the fungus three to 
four days after the attachment of spores to their cuticles. 
Data from several laboratories show that H. rhossiliensis is 
an effective parasite of different nematode hosts (Jaffee 
and Zehr, 1985, Cayrol, 1986a). The percentage C. xenoplax 
parasitized was greatly increased if the nematodes were 
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heat-stressed prior to inoculation (Jaffee and Zehr, 1983). 
The ionic concentrations of the incubation solutions also 
increased parasitism if adjusted with certain ionic solutes 
(Jaffee and Zehr, 1983). Caryol (1986b) reported that 
different isolates of Hirsutella showed varying degrees of 
pathogenicity to nematodes. 
To study biochemical changes associated with parasitism 
of nematodes by a fungus, we have selected the 
nematophagous fungus Hirsutella and the free-living 
nematode Caenorhabiditis eleaans as a model experimental 
system. Modern biochemical techniques such as 
electrophoresis and immunoblotting were used to follow the 
molecular changes that occurred during the infection 
process. One purpose of the current study was to examine 
protein pattern characteristics of the C. elegans - H. 
rhossiliensis interaction. From such studies, we proposed 
to identify molecules which would mark the interaction of a 
particular fungus strain with the nematode during the 
infection period. This, hopefully would provide a valuable 
method to differentiate closely related isolates of 
organisms which are useful for biological control of plant 
parasitic nematodes, therefore encouraging commercial 
development of nematode biocontrol agents. 
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CHAPTER II 
LITERATURE REVIEW 
Nematophaaous fungi 
Nematophagous fungi are common soil inhabitants and have 
been isolated from many different types of soil (Barron, 
1977) . The existence of fungi that trap and prey on 
nematodes was first noted by Zopf (1888). Even since then, 
scientists have devoted efforts to find effective 
nematophagous fungi. Over 100 species of fungi that trap 
and prey on nematodes in agricultural soils have been 
described (Jatala, 1986). The morphology of the structures 
they use in capturing nematodes varies from simple, 
undifferentiated hyphae to very highly specialized trapping 
devices (Sayre, 1971). In general, nematode-trapping fungi 
fall into two groups: (a) those that have adhesive hyphal 
networks are good saprophytes and grow rapidly. The 
adhesive material is produced over the surface of the hyphae 
and a nematode can be captured at any point. This method of 
trapping is found only in the lower, non-septate fungi 
(Zygomycetes). The second group are (b) those that capture 
nematodes by adhesive knobs, adhesive branches, or 
constricting rings, are more predacious, and grow slowly. 
Nematodes are captured by adhesion to an erect branch which 
is coated with adhesive over its entire surface. This type 
of trapping device is not common and is found in only a few 
species of the Deuteromycetes. Another common nematode- 
trapping device used by the Deuteromycetes is two- 
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dimensional or three-dimensional loops or nets which are 
covered with adhesive over their entire surface. Nematodes 
are captured by adhesion to sessile or stalked knobs. Only 
the knob itself is coated with adhesive. This type of 
trapping device is common in the higher fungi 
(Deuteromycetes, Basidiomycetes). Constricting rings are 
found only in the Deuteromycetes. When nematodes enter the 
three-celled constricting ring and the nematode's body 
contacts two of the cells, there is a rapid expansion of the 
cells in an inward direction to constrict around the body of 
the nematode and hold it securely. In addition to the 
adhesive products or traps, some fungi may also produce 
toxins that paralyze or kill the nematodes prior to 
penetrating their cuticles (Olthof, 1963). 
During the past several decades, research on the use of 
biological agents for controlling nematodes has focused on 
the application of nematode-trapping fungi. The first 
attempt was made by Linford (1937), who claimed a degree of 
control of Meloidoovne by adding chopped pineapple tops to 
the infested soil. Results showed that the addition of the 
chopped pineapple tops was followed by a marked increase in 
the number of free-living nematodes in the soil. This in 
turn stimulated the development of predaceous fungi in the 
environment. The predators rapidly destroyed the nematodes 
and there was a dramatic reduction in the nematode 
populations below the original level in the pots. This 
decline also affected the plant parasitic nematodes. Thus, 
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a measure of disease control was obtained. Linford and Yap 
(1938, 1939) later investigated the possibility of 
controlling Meloidoavne in pineapple by inoculating the soil 
with predaceous fungi, but obtained disappointing results. 
Several other investigators also obtained inconclusive 
results with nematode-destroying fungi (Duddington, 1965, 
Dunn, 1982, Mankau, 1961). Three species of predatory 
fungi, isolated by Soprunov were tested as antagonists 
against root-knot nematodes (Shipinova, 1965). Eight 
fungal inoculum levels were effective against the root- 
knot nematode; however, the best results were obtained with 
the higher inoculum levels. The locomotor activity of fungi 
decreased in relation to depth. These results demonstrated 
that the pathogenicity of the predatory fungi under field 
conditions still needs careful study. Recently two 
commercial products of predaceous fungi were prepared by 
Cayrol ^ ^ (1978, 1979): Royal 300, a preparation of an 
isolate of Arthrobotrvs robusta (antipolis) for the control 
of Ditvlenchus mvceliophaaus on mushrooms, and Royal 350, a 
different isolate of Arthrobotrvs for control of Meloidogyne 
on tomatoes. 
The genus Hirsutella was originally erected by 
Patouillard (1892). Based on the presence or absence of 
synnemata, the entomogenous hyphomycete genus Hirsutella is 
divided into two groups (Minter and Brady, 1980). This was 
the first description of H_j_ rhossi liens is, which is very 
similar to H. nodulpsa. H. rhossiliensis differs from H. 
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nodulosa by being regularly monophialidic, much less warted, 
lacking the helical twist of the conidiogenous cell neck and 
having larger spores. The mycelium of rhossiliensis are 
abundant, superficial, hyaline, septate, smooth, rarely 
branched, with hyphae up to 4 urn wide. Conidiophores are 
reduced to sessile, conidiogenous cells arising singly, 
more or less at right angles from the vegetative hyphae. 
Conidiogenous cells are monophialidic, hyaline, smooth or 
slightly warted towards the apex, swollen to 5 urn wide near 
the base, tapering to a straight neck up to 17 urn long, 1-2 
urn wide at the base. Conidia are hyaline, aseptate, smooth, 
more or less ellipsoid, arising from the apex of the neck 
singly or in a group, enveloped in a pigmented mucous 
sheath, the groups being limoniform, 10-12 urn in their 
largest dimension. Sturhan and Schneider (1980) first 
reported Hirsutella species as attacking nematodes. They 
isolated the endoparasitic hyphomycete from larvae of the 
hop cyst nematode (Heterodera humuli) obtained from hop 
gardens in Bavaria. The fungus was cultivated axenically on 
several artificial media. Phialoconidia which are coated 
with a hyaline gelatinous matrix are formed at the ends of 
aerial mycelium. Though they also exhibit a certain host 
specificity, in addition to larvae of Heterodera species, 
certain other tylenchid species are attacked. Later H. 
rhossiliensis was isolated from the plant parasitic 
nematode, Criconemella xenoplax, which is one of several 
factors that contribute to peach tree decline in the 
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southeastern United States (Jaffee, and Zehr 1982). The 
high density of H. rhossiliensis in soils from peach 
orchards in California is associated with decreased 
populations of C. xenoplax in the field test. To 
understand the regulation of C. xenoplax populations by H. 
rhossiliensis, certain variables including the number of 
parasitized nematodes and the rate of infection must be 
quantified. A quantitative assay for parasitized nematodes 
and a method to estimate the rate of infection was described 
by Jaffee ^ ^ (1988). The rate of infection can be 
estimated if the number of parasitized nematodes and the 
rate of decay (disappearance) are known. The rate of 
infection is significantly affected by nematode population 
density, soil temperature, soil water potential and other 
factors. Dead juvenile and adult C. xenoplax with brown 
heads and distorted, hyphae-filled bodies were obtained by 
soil surveys. Hyphae often extended from the head and the 
tail and occasionally bore flask-shaped phialides without 
spores. Three to four days after inoculation, penetration 
through the cuticle directly beneath the adhering spores was 
observed in living juveniles that had been inoculated with 
H. rhossiliensis. Penetration occurred in the anterior, 
posterior, and middle regions of the nematode. After the 
cuticle was penetrated, a bulbous infection hypha formed. 
One or two secondary hyphae developed from the infection 
hypha. Tissue degeneration and nematode death were 
associated with extension of the secondary hyphae. After 
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colonization, hyphae emerged from the head and tail of the 
dead nematode. 
A spore assay was developed to examine the infection 
sequence of H. rhossiliensis on the nematode 
Heterorhabditis heliothidis (Mclnnis and Jaffee, 1989). 
Results indicated that spores must be attached to phialides 
for adhesion to the nematode to occur. The results from 
another experiment indicate that parasitism of C. xenoplax 
by H. rhossiliensis is greatly influenced by the kind and 
concentration of ionic solutes in the ambient solution 
(Jaffee and Zehr, 1983). All nematodes in KCl solutions 
became infected, whereas those in distilled water did not. 
The reasons for the observed differences remain unclear. It 
is possible that the increased parasitism resulted from 
fungal stimulation by the solutes and that such stimulation 
may depend on the uptake of the solutes by the fungus. H. 
rhossiliensis also was shown to be a strong, consistent 
parasite rather than a competitive saprophyte. 
Jaffee ^ ^ (1989) in a recent survey of soil samples 
from orchards in California found that nematophagous fungal 
density does not decrease the large number of C. xenoplax in 
the soils and suggested that H. rhossiliensis is a weak 
regulator of C. xenoplax population density. The fungus 
colonized dead nematodes and autoclaved wheat seeds in the 
absence, but not in the presence, of other soil borne fungi. 
It also failed to colonize wheat seeds incubated in 
nonsterile soil even when given a time advantage over other 
9 
organisms (Jaffee and Zehr, 1985). 
Cayrol and Frankowski (1986a) established the 
relationship between the number of attached H. 
rhossiliensis spores and nematode mortality. Increasing 
numbers of attached conidia resulted in more rapid death of 
nematodes. Nematodes which had one to five conidia 
attached to the cuticle were killed after five days and the 
body cavity invaded by the fungus after the sixth day. 
These results indicate that the very efficient parasitic 
behavior of H. rhossileinsis has promising implications for 
applied biological control of specific nematodes. Cayrol 
and Frankowsi (1986b) also found several different strains 
of H. rhossiliensis infected with variable host specificity 
and five isolates of H. rhossiliensis showed varying degrees 
of parasitic ability. 
Caenorhabditis eleaans as a model to study fungus-nematode 
interactions 
Due to the short life span and ease of culturing 
axenically in the laboratory, the free-living nematode, 
Caenorhabditis eleaans. is amenable to studies involving 
basic biological phenomena associated with fungus-nematode 
interactions. Advantages of this organism as an 
experimental model are; large numbers can be easily grown 
under rigidly controlled cultural conditions, the presence 
of a differentiated cell system comprised of less than 1000 
cells, and the huge body of genetic, behavioral. 
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morphological and developmental information that exists 
(Zuckerman, 1987). 
Since the fungus readily infects C. eleaans. it provides 
a model for studying biochemical changes associated with 
parasitism of nematodes by the fungus. Interaction of the 
nematophagous fungus, Drechmeria coniospora, and nematode, 
C. eleaans (Coles ^ in press) demonstrated for the 
first time the separation of nematode and fungal proteins 
from complexes of the two organisms. This study will be 
referred to again in this thesis. 
Molecular taxonomy and immunological studies of fungi 
Attempts have been made to classify plant pathogenic 
fungi on the basis of soluble protein electrophoretic 
patterns, zygograms, immunoelectrograms, monoclonal 
antibody reactions, and restriction fragment length 
polymorphisms (RFLPs), with partial success. The soluble 
protein electrophoretic patterns did not fully separate 
fungal proteins (Glyn and Reid, 1969). Zygograms of 
several fungal enzymes have been utilized for 
identificaiton of Fusarium species with contradictory 
results. Differentiation of species based on the intensity 
of protein bands was oberved for isolates of the same 
species (Scala ^ 1981). This indicated that zygograms 
cannot be used to distinguish formae speciales but could 
constitute a useful complementary tool for the 
identificaiton of Fusarium isolates at the species level. 
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Monoclonal antibodies have provided a useful supplement to 
morphological criteria for the classification within the 
genus Fusarium. Polyspecific antigens, because of their 
inherent heterogenecity, have not successfully identified 
differences between closely related strains of plant 
pathogenic fungi. Monoclonal antibodies, which represent 
one single population of antibody combining sites, resolved 
the above problems (lannelli ^ 1983). Producing 
monoclonal antibodies is expensive and time-consuming. In 
addition to that, the specificity lasts only for a short 
period of time. The use of monoclonal antibodies to 
identify isolates of fungi needs further investigation. 
Restriction fragment length polymorphisms (RFLPs) in 
nuclear, ribosomal DNA (rDNA) and in mitochondrial DNA 
(mtDNA) facilitated the differentiation of the species of 
Sclerotinia. RFLPs can be used as a taxonomic character in 
speciation (Kohn ^ al, 1988). When comparing isolates 
representing more than one species by measurement of RFLPs, 
rDNA would appear to be preferable to mtDNA. The 
application of RPLFs as taxonomic criteria did not clarify 
the variations between formae-speciales of Sclerotia. 
Immunological studies characterizing nematodes 
The first immunological study examining the muscle 
structures of nematodes was achieved by processing ultrathin 
frozen sections with immunomolecular labeling (Himmelhoch 
and Zuckerman, 1982). Labeling of frozen sections with 
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ferritin conjugated with antibodies to actin was localized 
in cryosections of somatic muscle of Xiphinema index. 
Comparison of cryosections with sections prepared by 
conventional electron microscopic procedures showed 
satisfactory resolution of structural details in frozen 
sections. To understand the role of each of the muscle 
genes in nematodes, antibodies have been developed and used 
to define components of C. elegans body wall musculature 
(Waterston ^ 1986). Mutational analysis in C. elegans 
has identified 20 genes required for normal muscle 
assembly, as well as other specific suppressor genes. The 
products of the remaining 20 or more genes are unknown. To 
bridge the gap between genes and proteins, antibodies were 
raised against mutant proteins. This immunological study 
successfully analyzed the mutant muscle structure and 
isolated the DNA sequences encoding these antigens. 
Monoclonal antibodies specifically identified the tested 
proteins. Immunomicroscopy of muscle tissue of C. elegans 
and isolated thick filaments had shown that both myosin 
isoforms were incorporated into a single kind of body wall 
muscle thick filament (Miller and Maruyama, 1986). They 
identified a new muscle protein from C. elegans utilizing 
bacterial fusion peptides and specific monoclonal 
antibodies. The new protein was separated by SDS-PAGE and 
transferred to nitrocellulous paper. Immunoblots clarified 
the location of the gene products. The cuticle of the 
nematode, Panagrellus silusiae, was shown to contain at 
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least 18 different polypeptides that were held together by 
disulfide bonds. Based on the collagen biosynthesis and 
the amino acid content of purified cuticle, it was 
indicated that the intact cuticle was, for the most part, 
composed of either collagen or collagen-like chains. Three 
hybridoma cell lines that produced a strong immunological 
response against unfractionated reduced and solublilized 
cuticular componenets of P. silusiae were cloned and 
characterized. With immunoblotting, it was shown that each 
of the three monoclonal antibodies binds to a collagenous 
domain that is present in, at least, seven of the cuticular 
components (Martin ^ 1986). 
Molecular taxonomy of nematodes 
The classical approach to nematode taxonomy based on 
light microscopic, TEM, and SEM examination of 
morphological features is of primary importance in the 
identification and classification of phytoparasitic 
nematodes. However, within some nematode genera, 
conventional taxonomic studies have failed to reveal stable 
features which separate species. Intraspecific variation 
and the occurrence of physiological races have necessitated 
the development of taxonomic techniques enabling 
differentiation and classification of races. Scanning 
electron microscopy, immunology, and electrophoresis are 
becoming increasingly important in supplementing data 
provided by classical nematode systematics (Pozdol and Noel, 
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1984) . Protein molecules are important when investigating 
systematic relationships, for they accurately reflect 
genotypic qualities of the taxon. The taxonomic value of 
electrophoresis has clearly been established for 
invertebrates and vertebrates. In general, there is an 
excellent concordance between various species groups based 
on electrophoretic similarities and classical taxonomic 
criteria. Electrophoretic data are particularly valuable in 
separation of species, especially for sibling species, but 
can discriminate between subspecies only when the organisms 
have undergone an exceptional amount of divergence (Platzer, 
1981). Several researchers obtained consistently distinct 
soluble protein profiles when different nematode species 
were compared by polyacrylamide gel electrophoresis (PAGE). 
The technique was considered to have great potential for 
characterization of interspecific variation among 
nematodes. 
Friedman (1977) successfully applied SDS-PAGE techniques 
to differentiate the closely related species C. eleoans 
and C. briggsae, whereas the traditional taxonomic 
approaches failed to demonstrate the differences between 
these species. 
Heterorhabditis spp. are insect pathogenic nematodes that 
have shown considerable promise for the control of some 
important insect pests (Bedding and Miller, 1981, 
Danthanarayana, 1983). The isolates of Heterorhabdotis from 
Asia, Australia, Cuba, Europe and the U.S.A. were examined 
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using starch gel electrophoresis and enzyme specific stains 
(Akhurst, R. J. 1987). Starch gel electrophoresis, coupled 
with enzyme specific staining, proved a useful technique for 
determining the taxonomy of Heterorhabditis. Several 
isolates previously identified as H. heliothidis occurred in 
groups different from that of the type strain of this 
species. The results were unaffected by different cultural 
conditions and different bacterial symbionts which kill the 
insect and convert it to a suitable medium for nematode 
growth and reproduction. 
Huettel ^ ^ (1983) evaluated different types of 
polyacrylamide gel electrophoresis which can be used as a 
biochemical basis for distinguishing nematodes. Her 
research limited the application of SDS-PAGE to nematodes 
which are distantly related or species with major 
developmental differences. However, proteins of species 
and pathotypes of Globodera and Heterodera have been 
compared using PAGE. Soluble proteins of several cyst¬ 
forming species and pathotypes A and E of Heterodera 
rostochiensis were characterized and compared. The modified 
SDS-PAGE system, using a low molarity tris-HCL buffer and 
equal pH of homogenizing buffer and stacking gel, provided a 
better separation of soluble proteins from H. glycines races 
1, 2, 3, and 4, when compared with previous studies with 
cyst nematodes (Pozdol ^ 1984). 
Two-dimensional electrophoresis, in combination with a 
sensitive protein stain based on a reaction with silver 
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ions, allowed differentiation of the two closely related 
potato cyst nematode species Globodera rostochiensis and G. 
pallida (Bakker and Gommers, 1982). Two-dimensional 
electrophoresis gives better separation of proteins than 
disc-electrophoresis. It proved to be a suitable tool to 
differentiate species of cyst-nematodes. Recently, Bakker, 
et al (1988) surveyed different electrophoretic techniques 
for detecting the species-specific protein bands of G. 
rostochiensis and G. pallida. The results showed that 
electrophoresis of native proteins clearly distinguishes the 
/ 
two species, but failed to demonstrate species-specific 
protein bands. The SDS-PAGE profile showed three major 
protein bands of G. rostochiensis and four of G. pallida. 
Two-dimensional electrophoretic patterns consistently 
manifested the species-specific proteins of these two 
species. Bakker ^ ^ concluded that two-dimensional 
electrophoresis is the most promising means of identifing 
different species of cyst nematodes. 
Enzyme phenotypes were first described for Meloidoqyne 
species in 1971. Two-dimensional electrophoresis of 
proteins from root-knot nematodes failed to demonstrate the 
differences between Meloidoovne species (Premachandran et 
al, 1984) . Recently, a modified technique utilizing a thin- 
slab polyacrylamide gel has offered a satisfactory method of 
comparing enzyme patterns of Meloidocfvne species (Esbenshade 
and Triantaphyllou, 1985). 
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In addition to electrophoretic analysis, nucleic acid 
analysis is a promising candidate for taxonomic systematics 
(Baldwin and Powers, 1987). Nucleic acid techniques can be 
divided into three general categories: restriction fragment 
analysis, DNA-DNA hybridization, and nucleotide sequencing. 
Restriction fragment analysis relies on the use of 
endonuclease restriction enzymes to generate fragments of 
DNA which are subsequently separated electrophoretically. 
Restriction fragment length polymorphisms (RFLPs) have been 
used to differentiate between species and populations of 
Meloidoavne. Romanomermis. Caenorhabditis. Trichinella. 
Steinernema, Heterohabditis and pathotypes of 
Bursaphelenchus. RFLPs become a powerful diagnostic tool 
when combined with DNA hybridization, giving information 
about the homology of fragments. Detection and analysis of 
restriction fragment length differences (RFLD) in genomic 
DNA have obtained evidence for discrimination of 
morphologically similar nematodes (Curran ^ 1984, 1985, 
1986). This technique was used to identify interspecific 
and intraspecific isolates of Heterorhabditis. Different 
genotypic isolates of H. heliothidis from North Carolina, 
South Carolina, and California were identified into 
distinct groups on the basis of RFLD data (Curran, J. and 
J. M. Webster, 1989). Results from RFLDs were associated 
with variable biological controls of nematode isolates 
indicating that this genotypic "fingerprinting" of isolates 
has the potential of being a rapid first screen of genetic 
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divergence. RFLPs and DNA-DNA hybridization have 
been used in the development of mitochondrial DNA (mtDNA) 
based assays for the detection and identification of closely 
related species of nematodes. The sibling species, 
Heterodera alvcines and H. schachtii. have recently been 
differentiated using mtDNA restriction enzyme analysis. 
Meloidoavne incognita races 1, 3, and 4 have also been 
separated by mtDNA analysis. 
Immunological studies on fungus-nematode interaction 
The first nematophagous fungus studied from the 
immunological viewpoint was reported by Coles ^ ^ (in 
press). Biochemical changes involved with the infection of 
the nematode Caenorhabditis elegans by the nematophagous 
fungus Drechmeria coniospora. were examined at 24, 48, and 
72 h following infection. Due to the cross-reaction 
between nematode and fungus, the nematode protein was not 
differentiated from fungus protein by immunoblotting. The 
discrimination of nematode protein from fungus protein was 
accomplished by affinity column chromatography. 
The current work is an extension of the study of Coles ^ 
alt (in press) and is expanded to include characterization 
of the de novo proteins arising from the interaction of H. 
rhossiliensis and C. elegans during the infection process. 
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CHAPTER III 
METHODOLOGY 
Axenic culture of C. eleaans 
Cultures of C. eleaans were initiated from pure stocks 
maintained at Dr. Bert M. Zuckerman's laboratory at the 
University of Massachusetts. The nematodes were grown 
axenically in 3 ml liver extract medium. The medium was 
prepared by adding 10 ml of sterile liver extract to 4g 
Bacto-soytone (DIFCO), 3g Bacto-yeast extract (DIFCO) and 90 
ml distilled water. All ingredients with the exception of 
the liver extract were autoclaved at 121 C, 1 kg/cm2 for 20 
min. The liver extract was prepared by first centrifuging a 
fresh cow liver homogenate at ll,300xg for 20 min. After 
discarding the pellet, the supernatant was first passed 
through a 0.45 urn filter under vacumn, then through a 
sterile 0.22 urn filter. The liver extract was then added to 
the cooled basal medium. A ” Zippette" automatic dispenser 
was used to dispense 3 ml of medium to scintillation vials 
each of which served as a culture flask. Nematode cultures 
were incubated at 22 C in the dark and transferred every 14 
days. 
Pure culture of the nematophaaous fungus H. rhossiliensis 
The original H. rhossiliensis isolate had been obtained 
from Dr. B. Jaffee when he was at Pennsylvania State 
University and maintained in Dr. Zuckerman's laboratory. 
The other five fungal isolates were supplied in 1988 by Dr. 
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Jaffee, Universtiy of California, Davis. These isolates 
were derived from different locations and hosts. CMI 265749 
was from a peach orchard in South Carolina and was a poor 
parasite of C. xenoplax. H. rhossiliensis 51 originated 
from peach orchard soil in California and was isolated from 
C. xenoplax. H. rhossiliensis 56 was from South Australia 
and was recorded from Heterodera avenae. H. rhossiliensis 
62 and 63 were both from a peach orchard in California but 
have different hosts, C. xenoplax and soil mites 
respectively. Fungal cultures were maintained on dilute 
cornmeal agar (CMA 1:10) prepared by autoclaving the 
following ingredients at 121 C, 1 kg/cm2 for 20 min; O.lVg 
cornmeal Agar, 1.35g Bacto-Agar and 100 ml distilled water. 
Fungi were cultured in 100 x 15 mm plastic petri dishes. 
The six fungal isolates were incubated at 22 C. Two 
measures were taken to ensure that the pathogenicity of the 
fungus isolates was not lost. First, isolates were 
preserved at -80 C as described by Zuckerman ^ ^ (1987). 
Second, C. eleaans were continually passed through 
sporulating cultures of Hirsutella. Maintenance on a living 
host rather than synthetic medium is one accepted method of 
restoring pathogenicity of nematophagous fungi (Barron, 
1977) . 
Variances in growth rates of H. rhossiliensis—isolates 
Cultures of six H. rhossiliensis isolates were initiated 
with a plug taken with a size 3 cork borer and maintained on 
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cornmeal agar (CMA) at 22 C in the dark. Growth rates were 
determined by measurement of colony diameter every 3 days. 
Differences in colony morphology and/or growth patterns 
were recorded. 
Nematode protein samples 
Ten to 14-day-old nematode cultures were harvested by 
centrifuging 3 times at ll,300*g for 1 min and washed 3 
times with Tris-buffer (7.02g Tris-HCl, 0.67g Tris base, 
0.1 NaCl and 1000 ml distilled water, pH 7.2). The 
concentrated nematodes were passed through a Kontes 
Minibomb cell disruption chamber utilizing nitrogen at 1200 
PSI to obtain nematode homogenates. Protein samples were 
centrifuged at ll,300xg for 7 min and the pellets discarded. 
The supernatant was either left untreated for use as antigen 
for antiserum production or construction of the affinity 
columns or added to an equal volume of SDS-mercapto-ethanol 
and boiled for 90 sec and stored at -80 for immunoblotting. 
A modified Lowry method was used to determine the protein 
concentration of samples (Karkwell ^ 1978). In the 
modified Lowry method, crystallized bovine serum albumin 
(BSA) from Sigma Chemical Company was used to generate a 
standard curve. BSA in serial concentrations (12.5, 25, 50, 
100 ug/ml) was added to distilled water to make a final 
sample volume of 1 ml. Unknowns were tested at 12.5, 25.0, 
50.0 and 100 ul. Stock C, the alkaline copper reagent, 
comprised of 100 parts reagent A ( 2.0% Na2C03, 0.4% NaOH, 
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0.16% sodium tartrate and 1% SDS), and 1 part reagent B (4% 
CUS04.5H20). The reagents were mixed well and then 
distributed in 3 ml aliquots to each test tube. After 15 
min, 150 ul phenol reagent (Folin-Ciocaltean, Fisher 
Scientific Company) was mixed vigorously with the samples 
and incubated at room temperature for 45 min. The protein 
samples were transferred to "Ultra-UV” test tubes (Fisher 
Scientific Company, 14-385--994A) and readings taken at 660 
nm on a "Bausch & Lomb" model 21 spectrophotometer. 
Fungal protein samples 
Fungal isolates were tested in different media to attain 
the best growth. Mycophil broth (DIFCO) was selected as 
the best medium. H. rhossiliensis was shaken and cultured 
in Mycophil broth at room temperature for 10-14 days. 
Cultures were strained through cheesecloth and washed 5 
times with cold distilled water. The mycelium was weighed 
and added to an equal volume of cold distilled water. 
After blending for 30 sec at high speed, the sample was 
passed through the Kontes Minibomb 2 times. The fungus 
homogenate was centrifuged for 10 min at of ll,000xg at 4 
C. The pellets were discarded and the supernatant was 
either left untreated for use as antigen for antiserum 
production and construction of affinity columns or added to 
an equal volume of SDS-mercaptoethanol and boiled for 90 sec 
and stored at -80 C. 
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Pathogenicity test of H. rhossiliensis isolates 
Ten to 14“day-old nematodes were harvested by 
centrifuging 3 times at ll,300xg for 1 min, then washed 3 
times with tris-buffer (pH 7.2) and placed on 1.5% water 
agar (WA). Two to 4 week-old cultures of sporulating H. 
rhossiliensis isolates were washed 3 times with distilled 
water to obtain a spore suspension which was added to 
nematodes on 1.5% WA (Jansson ^ 1985). The plates were 
incubated at 22 C in the dark. The infected nematodes were 
observed every 24 h. 
Infection plates to determine changes in protein patterns 
caused bv infection with H. rhossiliensis 
Ten to 14-day-old nematodes were harvested by 
centrifuging 3 times at ll,300xg for 1 min, then washed 3 
times with Tris-buffer (pH 7.2) and placed on 1.5% water 
agar (WA). Two to 4 week-old cultures of sporulating H. 
rhossiliensis were washed 3 times with distilled water to 
obtain a spore suspension, which was added to nematodes on 
I. 5% WA (Jansson ^ 1985). The plates were incubated 
at 22 C in the dark. The infected nematodes were harvested 
from the infection plates at 24, 48, 72 h by washing them 3 
times with distilled water and centrifuging 3 times at 
II, 300xg for 1 min. The infected nematode sample was 
homogenized in the Kontes cell disruption chamber two times 
and processed as described for the C. elegans and H. 
rhossiliensis protein samples. 
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To determine if the changes in protein patterns were 
caused by infection rather than self-degradation, nematodes 
were treated with low temperature at either -20 or -80 C 
overnight as a control. Samples were processed as described 
above. H. rhossiliensis and C. eleaans antisera were 
reacted with these samples and results compared to those 
obtained with infected samples. 
Antisera from rabbits against C. eleaans and H. 
rhossiliensis and H. rhossiliensis 62 infected C. elegans 
Protein samples were sterilized through 0.22 urn filters 
before use as antigens. Prior to inoculation, blood 
samples were collected from rabbits by bleeding through the 
ear vein and served as a control in the enzyme linked 
immunoabsorbant assay (ELISA). A New Zealand strain of 
rabbit, Orvctolaaus cuniculus, was used to produce 4 types 
of antisera to: 1) C. eleaans protein 2) H. rhossiliensis 
protein 3) H. rhossiliensis 62 protein and 4) H. 
rhossiliensis 62 infected C. eleaans protein. Sterilized 
protein samples were mixed with an equal volume of the 
adjuvant aluminum hydroxide suspension ('Maalox') and 
injected subcutaneously. A booster injection was repeated 
3 weeks after the primary dose (1 ml of 1 mg/ml protein : 1 
ml of 'Maalox antiacid') to enhance the concentration of 
antibody in the antiserum. Rabbits were bled 7 days later 
from the ear vein into vacutainer serum collection tubes. 
Serum was held at room temperature for 1 h, then 
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centrifuged at 1,000-1,500xg for 15 min and the pellet 
discarded. The antiserum was stored at -80 C. 
The titer of antiserum was determined by ELISA as 
follows. The antigens were added to coating buffer (1.59g 
Na2C03, 2.93g NaHC03, 0.2g NaN3 and 1000 ml distilled 
water), and wells in the ELISA plates filled with 50 ul of 
the sample and held overnight at 4 C. After 12 h the wells 
were washed 3 times with 0.14M Phosphate Buffered Saline 
0.05% Tween (PBS-Tween). The nonspecific binding sites were 
blocked with 1% Bovine Serum Albumin (BSA) for 90 min in a 
moist chamber at room temperature, then washed twice with 
PBS-Tween (0.05%) and the primary antibodies (in PBS-Tween) 
added for 2 h in a moist chamber at room temperature. Anti¬ 
rabbit, IgG, conjugated with alkaline phosphatase (Sigma 
#T4144) was used at a dilution of 1:1000 as the second 
antibody. After incubation for 75 min at room temperature 
in a moist chamber, the plate was washed 3 times with PBS- 
Tween and substrate added. The substrate was p- 
nitrophenyl phosphate (Sigma 104-105) in substrate buffer 
(7.507g glycine, 0.2033g MgC12, 0.1362g ZnC12, 1000 ml 
distilled water, pH 10.4). The microplate was developed for 
20 min in the dark. ELISA readings were taken on a Dynatech 
MR 600 microplate reader. 
Gel Electrophoresis 
Sodium dodecylsulfate (SDS) electrophoresis gels were 
constructed for separating protein samples. Because 
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polyacrylamide gels have smaller pores than agarose gels, 
they are used to separate smaller molecular weight 
molecules; proteins and some nucleic acids. The 
polyacrylamide gel consists of acrylamide monomers which 
polymerized into long chains that are covalently linked. 
Since oxygen inhibits polymerization, the monomer mixture 
must be deaerated by vacuum. A water layer was poured 
after polymerization to exclude oxygen which inhibited 
polymerization on the gel surface. Ammonium persulfate and 
N,N,N',N'-Tetramethyl-ethylenediamide (Sigma 18133, TEMED) 
are used as the initiator and the catalyst, respectively, to 
crosslink the acrylamide monomers. 
To gain better resolution of protein patterns, an 
exponential gradient gel is often used instead of a single 
concentration gel. Under a constant current environment, 
the charged protein molecules move faster than the larger 
molecules and remain in the bottom area of the 
polyacrylamide gels. The pore size in the gradient gel is 
larger at the top of the gel than at the bottom; hence the 
gel becomes more restrictive as the run progresses. The 
Laemmli system (1970), a modification of the method of 
Ornstein and Davis (1964), is a discontinuous SDS system 
and is the most widely used today. The treated peptides 
are stacked in a stacking gel before entering the 
separating gel, and hence, the resolution in a Laemmli gel 
is excellent. This system was used in this study. 
Proteins were separated by SDS gel electrophoresis on 
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7.5% polyacrylamide gels, 7.5-20% gradient gels and 7.5- 
20% exponential gradient gels on a Hoefer Scientific SE 600 
vertical slab unit with discontinuous buffer. Since 
optimal separation of protein patterns was achieved on the 
exponential gradient gel, only those results are reported 
here. The 20% exponential gradient gel was constructed in 
two parts: the separating and the stacking gels. 
A)The separating gel: The Hoefer Scientific SE casting 
stand was set up with a 2 element glass sandwich (Hoefer 
Scientific SE 6102, 18x16 cm) and connected to the Hoefer 
Scientific SG 50 SP gradient maker by a piece of tubing. 
The tubing was linked with a long cannula which reached the 
bottom center of the sandwich at one end and attached to a 
peristaltic pump at the other end. All ingredients were 
mixed in a separate side arm vacuum flask, except the 
ammonium persulfate and the TEMED (see Appendix 1). Each 
flask was deaerated, then the TEMED and the ammonium 
persulfate added and the flasks gently swirled. The 
glycerol-acrylamide solution was poured into the mixing 
chamber of the gradient maker and a small magnetic stir bar 
added. The solution was passed into the connecting 
channel, the stopcock closed, and the plunger inserted into 
the mixing chamber until it was just over the level of the 
solution. The reservior chamber was loaded with the light 
solution. The gradient maker was placed on a stir plate, 
the pump turned on, the stopcock between chambers opened and 
the outlet stopcock opened. Gradually, the cannula was 
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lifted as the liquid level rose in the glass sandwich until 
the liquid was 4 cm from the top of the sandwich. A water 
layer was added using a greased 1 ml glass syringe fitted 
with a 2 inch 22 gauge needle. The needle was placed at a 
45 angle to the top of the acrylamide solution and 0.5 ml of 
water gently applied. The process was repeated on the other 
side of the gel. The water layered evenly across the entire 
surface and a sharp, water-gel interface was visible when 
the gel polymerized. Running gel overlay solution (0.375 M 
tris-Cl, 0.1% SDS, pH 8.8) was added and the gel stored 
overnight in the refrigerator. 
B)The stacking gel: The running gel overlay solution was 
poured off the next morning. The stacking gel solution 
described in Appendix 2 was mixed in a 50 ml side arm 
vacuum flask with a magnetic stir bar and the solution 
degassed. Ammonium persulfate and TEMED were added to the 
solution. The flask was gently swirled, and the solution 
added to the glass sandwich. A comb was inserted into the 
surface of the gel taking care that bubbles were not 
trapped below the teeth of the comb, since oxygen inhibits 
polymerization and causes a local distortion in the gel 
surface at the bottom of the wells. The stacking gel was 
allowed to sit for 30 min and the comb carefully removed to 
avoid disturbing the well dividers. Each well was rinsed 
with distilled water and filled with tank buffer. The SDS 
mercaptoethanol-treated protein samples were loaded into the 
wells by a Hamilton syringe. Molecular weight markers 
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(1450-480,000 MW) were purchased from Schwarz/Mann Biotech 
(Cleveland, Ohio). The upper buffer chamber was joined with 
the sandwich and placed onto the heat exchanger in the lower 
buffer chamber. The lower buffer chamber was filled with 
tank buffer until the sandwich was immersed in buffer. The 
bubbles trapped under the ends of the sandwich were removed 
with a bent pipette. A spinbar was used to circulate the 
buffer as the run progressed maintaining a uniform 
temperature. 
The tank buffer was carefully poured into the upper 
buffer chamber without washing out the protein samples from 
the wells. The unit was covered by the lid and connected to 
the power supply (Bio-Rad Model 500/200). After turning on 
the power supply, the current was adjusted to 30 mA for a 
1.5 mm thick gel. When the dye reached the bottom of the 
gel, the power supply was turned off and the power cables 
disconnected. 
In order to visualize the protein patterns on the gel, 
the sandwich was disassembled and the gel gently placed 
into a staining solution (0.125% Coomassie blue R-250, 50% 
methanol, 10% acetic acid) overnight. The gel was 
destained in solution 1 (50% methanol, 10% acetic acid) for 
1 h with gentle shaking, then transferred to destaining 
solution 2 (7% acetic acid, 5% methanol). 
The Log 10 of molecular weight standards were determined 
and plotted on the Y-axis and RF values plotted on the X— 
axis (Fig 1). Unknowns were extrapolated from this curve. 
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Fig 1. Molecular weight standard curve for SDS 
gradient gel. The LoglO of molecular weight standards 
was determined and plotted on the Y-axis and RF values 
plotted on the X-axis. 
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Immunoblottina 
The detection of specific proteins by antibodies occurred 
after the transfer of proteins from the polyacrylamide gel 
to nitrocellulose (NC) paper, a process referred to as 
blotting. 
The rate of electroelution of proteins from a 
polyacrylamide gel is affected by the pore size of the gel 
and the molecular weight and orientation of the molecules. 
Air bubbles trapped between the gel and the NC paper 
created points of high resistance resulting in "bad spots" 
i. e., areas of low efficiency transfer and distortion. 
Binding to the paper may depend on the pH or the salt 
concentration of the buffers, the kind of binding paper, 
the pore size of the gel and compositon of the buffers used 
for transfer. NC paper is currently the most widely used 
filter matrix. However, some proteins, especially those of 
low molecular weight, bind with low affinities to NC and may 
be lost during transfer or subsequent processing. To remedy 
such disadvantages of NC filters, cellulose acetate was 
introduced. Nylon-based membranes have been found to be 
advantageous in many respects, as they are as thin and 
smooth surfaced as NC but much more durable. In addition, 
they provide increased sensitivity and make possible 
consistently better results than NC in the electroelution of 
proteins from SDS gels. The drawback of the high binding 
capacity of NC is the possibility for high nonspecific 
protein binding during subsequent overlay analysis. 
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Methanol is used to facilitate the transfer. Since, it 
tends to increase the binding capacity of NC for protein, 
and it also stabilizes the geometry of the gel during 
transfer. However, methanol reduces the elution efficiency 
of protein from SDS polyacrylamide gels, and in its 
presence, electroelution must be carried out for a long time 
(> 12 h) in order to obtain efficient transfer of high 
molecular weight proteins (> 100 Mr). 
Due to the use of different buffer systems for transfer 
and electrophoresis, the gel was equilibrated with the 
transfer buffer before proceeding. A cooling system was 
used to reduce the generation of heat. 
Transfer of proteins was with a Hoefer Scientific TE 
transfer electrophoresis unit (Model TE 50). The gel was 
removed from the sandwich as soon as electrophoresis was 
completed and placed in a tray containing 200 to 300 ml of 
transfer buffer (0.192 M glycine, 0.025 M tris pH 8.3, 20% 
v/v methanol) for 30 min. Prestained molecular weight 
markers were from Bethesda Research Laboratories 
Gaithersburg, MD. 20877 (Cat # 6041 EA). The NC filter 
paper (Hoeffer TE 46) and dacron sponges were soaked in a 
second tray containing transfer buffer for 30 min. The gel 
cassette was sequentially loaded as follows: dacron sponge, 
filter paper, NC membrane, gel, filter paper, and a second 
dacron sponge. Care was taken to eliminate air bubbles in 
all steps. The cassette was quickly lifted out of the 
transfer buffer and placed in the transfer unit with the NC 
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on the anode side. The transfer was performed at 0.2-0.3 mA 
for 4-5 h. The cassette was removed and the NC strips 
blocked with 20% BSA for 1 h at room temperature, then 
incubated overnight with the first antibody diluted 1:10 in 
TBS. The NC strips were washed 3 times for 10 min in PBS- 
Tween and transferred to new tubes after the 2nd washing. 
The NC strips were incubated the anti-rabbit, IgG, 
peroxidase conjugated antibody (Sigma A-6154) diluted with 
PBS to 1:100 for 1 h at room temperature. After washing 3 
times for 10 min in PBS-Tween, the NC strips were 
transferred to new tubes containing the color development 
solution (36 mg 4-chloro-l-naphthol Sigma C-8890, 12 ml 
distilled methanol, 20 ml TBS and 12 ul hydrogen peroxide. 
Sigma H-1009). Purple bands became visible after 20 min. 
These strips were rinsed with tap water and air dried 
overnight. 
The Log 10 of molecular weight standards were determined 
and plotted on the Y-axis and RF values plotted on the X- 
axis (Fig 2). Unknowns were extrapolated from this curve. 
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Fig 2. Molecular weight standard curve for immunoblots. 
The Logic of molecular weight standards were determined and 
plotted on the Y-axis and RF values plotted on the X-axis. 
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Affinity columns 
Affinity column chromatography was used to remove cross¬ 
reacting antibodies from the various antisera. Adsorbed 
antiserum, specific for one organism, were used to identify 
proteins as being of fungal or nematode origin. Partial 
purification of antiserum was obtained by passage through a 
C. eleaans affinity chromatography column. The affinity 
column was constructed by incubating 0.5 g Cyanogen bromide- 
activated cross-linked agarose (Sigma C-1150) in 10 mg 
protein samples. The beads were reswelled in 0.001 M HCl 
and washed on a sintered glass filter. The dissolved 
protein sample was conjugated in 0.1 M NaHC03 (pH 8.3) 
containing 0.5 M NaCl and gently stirred at room 
temperature or overnight at 4 C. Next, the protein samples 
were rinsed with coupling buffer on the sintered glass 
column and excess active groups blocked with 1 M 
ethanolamine (pH 8.5) for 2 h at room temperature. The 
column was alternately washed 5 times with 0.1 M acetate 
buffer (pH 4.0) containing 1 M NaCl and 0.1 M borate buffer 
(pH 8.0) containing 1 M NaCl and followed by a final wash 
with PBS containing 0.02% NaN3. The column was regenerated 
by glycine-HCl plus 10% dioxane and washed with PBS for 
further purification. 
Proteins of fungal isolates were characterized by running 
antiserum through the affinity columns to remove cross- 
reacting antibodies occurring in closely related fungal 
isolates. 
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The fungal proteins were segregated from nematodes proteins 
by passing fungal antiserum through the C. eleoans affinity 
column and incubating with NC strips containing fungus 
infected nematode (at 24, 48, and 72 h) proteins. 
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CHAPTER IV 
RESULTS 
Differences in pathogenicity and growth in cultures of 
Hirsutella isolates 
Adhesive H. rhossiliensis fungal spores attached all over 
the body of C. elegans. Penetration through the nematode 
cuticle after 24 h was observed only in nematodes infected 
with H. rhossiliensis 62. Secondary fungal hyphae formed a 
massive network within the nematode body. Nematode death 
and tissue degeneration were associated with extension of 
secondary hyphae, emergence of the hyphae through the body 
wall and the production of new conidia (Fig 3). After 
fungal conidia attachment to C. elegans. nematodes continued 
to move actively for 72 h but by 120 h movement ceased. For 
other isolates of H. rhossiliensis. fungal hyphal 
penetration through the cuticle directly beneath the 
adhering spores was observed 3 to 4 days after incubation. 
These results are consistent with the report of Mclnnis and 
Jaffee (1989, in press). 
Six isolates from different geographical locations 
differed in ability to parasitize C. elegans (Table 1). 
Based on the percentage of infection, H. rhossiliensis 62 
was the most pathogenic strain, infecting 65 % of the 
nematodes by 120 h. The percentage of infection by H. 
rhossiliensis 56 was 37% after 24 h and 50% at 120 h. 
After 120 h, the percentage of nematodes infected by H. 
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Fig 3. Conidia-bearing (arrows) hyphae of H. rhossiliensis 
emerging from the cadaver of C. eleoans. 
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Table 1. Pathogenicity of six H. rhossiliensis isolates to 
C. eleaans. 
Isolate Host Location* Rating 
Pathogenicity 
H. rhossiliensis A3al Criconemella Peach orchard in 6 
xenoDlax South Carolina 
H. rhossiliensis 51 C. xenoolax Peach orchard in 2 
South Carolina 
H. rhossiliensis 56 Heterodera 
avenae 
South Australia 5 
H. rhossiliensis 62 C. xenoDlax Peach orchard in 
California 
1 
H. rhossiliensis 63 soil mites Peach orchard in 
California 
3 
H. rhossiliensis 
CMI 265749 
C. xenoolax Peach orchard in 
South Carolina 
4 
* The California and South Carolina cultures were isolated at 
different times from different orchards ( Jaffee, personal 
communication ). 
The lower the number, the more pathogenic the isolate. 
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rhossiliensis 63 reached 35%. The percentage infection by 
H. rhossiliensis CMI 265347 was 28% after 120 h. After 120 
h incubation with H. rhossiliensis 51, the percentage of 
nematodes infected was only 17%. H. rhossiliensis A3al 
infected only 19% of the nematodes at 120 h (Fig 4). These 
observations indicated that H. rhossiliensis strain 62 was 
the most pathogenic and H. rhossiliensis A3al the least. 
Based on these results, these two isolates were selected for 
comparison in the protein analyses. 
Six isolates also showed morphological differences. They 
had different growth rates and colony morphology. These 
data provide additional evidence for the existence of 
distinctly different strains of H. rhossiliensis. 
SDS gel electrophoresis 
Comparison of uninfected C. eleaans and frozen C. elegans 
on exponential gradient gels revealed no differences in 
protein patterns (Fig 5). These observations showed that 
proteolysis did not occur in freshly prepared nematode 
homogenates, and that changes in protein patterns observed 
later on in this study were due to fungus infection rather 
than auto-degradation associated with proteolytic nematode 
enzymes. 
Proteins of H. rhossiliensis A3al and H. rhossiliensis 
62, the least and most pathogenic strains, were compared on 
exponential gradient gels. H. rhossiliensis A3al and H. 
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Fig 4. Pathogenicity of six isolates of H. rhossiliensis to 
Q. eleoans. 
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Fig 5. Comparison of comparable protein samples from 
nematode homogenates by SDS gel electrophoresis on a 7.5-20 
% exponential gradient gel. A) uninfected frozen C. eleaans 
and B) uninfected freshly homogenized C. eleaans. C) 
, Molecular weight standard. The same protein patterns were 
observed in each sample, indicating that auto-degradation of 
nematode protein did not occur. 
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rhossiliensis 62 exhibited differences in proteins (Fig 6). 
Four major protein bands at 23, 28, 34, and 36 kDa, which 
were detected in H. rhossiliensis A3al, were not present in 
H. rhossiliensis 62. A 21 kDa protein, which was present in 
H. rhossiliensis 62, did not occur in H. rhossiliensis A3al. 
These proteins were unique to each fungus isolate and were 
characteristic of each these isolates. 
During the interval of 24-48 h following infection of C. 
eleaans with H. rhossiliensis A3al there was a reduction in 
the concentration of 3 proteins and an increase in 
concentration of 1 protein (Fig 7). Since observable 
protein changes occurred in infected nematodes by 48 h, the 
ensuing immunological studies were performed on 48 h 
infected nematodes. C. elegans infected with H. 
rhossiliensis A3al displayed different protein patterns 
from nematodes infected with H. rhossiliensis 62 at 48 h on 
the SDS exponential gradient gels (Fig 8). Three proteins 
'at 21, 30, and 128 kDa were present in nematodes infected by 
H. rhossiliensis A3al which did not occur in nematodes 
infected by H. rhossiliensis 62. 
Immunoblottinqs 
Comparison of H. rhossiliensis A3al antiserum with the 
same antiserum purified by C. elegans immunoabsorption 
chromatography, showed a large reduction in cross-reacting 
antibodies (Fig 9). In this study, the H. rhossiliensis 
A3al antiserum was passed over an affinity column coated 
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Fig 6. Comparison by SDS gel electrophoresis on a 7.5-20 % 
exponential gradient gel of proteins of A) H. 
rhossiliensis 62 and B) H. rhossiliensis A3al. Equalized 
protein sample were used. Four distinctly different 
protein bands (23, 28, 34 and 36 kDa) characteristic of 
strain A3al and one protein band (21 kDa) characteristic 
of strain 62 are indicated of arrows. 
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Fig 7. SDS gel electrophoresis on a 7.5-20 % exponential 
gradient gel of proteins from A) C. eleaans infected with 
H. rhossiliensis A3al for 48 h, and B) C. eleaans 
infected with H. rhossiliensis A3al for 24 h. Equal 
amounts of protein were used. Two proteins 
(approximately, 390, and 1600 kDa) that had decreased by 
48 h and 1 protein (approximately 109 kDa) that markedly 
increased in concentration by 48 h are shown (indicated 
as arrows). 
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Fig 8. Comparison by SDS gel electrophoresis on a 7.5-20 % 
exponential gradient gel of proteins of A) H. rhossiliensis 
62 infected nematodes and B) H. rhossiliensis A3al infected 
nematodes. Equal sized protein samples were used. The 21, 
30, and 128 kDa proteins present in H. rhossiliensis A3al 
infected nematodes did not occur in H. rhossiliensis 62 
infected nematodes. 
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with C. eleaans protein, and the two bands resolved after 
purification were defined as being characteristic of this 
fungus isolate (Fig 9, arrows). Immunoblots from H. 
rhossiliensis A3al and 62 showed strain-specific protein 
patterns when cross-reacting antibodies were removed. 
Three major strain-specific bands at 40, 45, and 129 kDa 
were detected in H. rhossiliensis A3al (Fig 10, A). A 
protein specific for H. rhossiliensis 62 was detected at 37 
kDa (Fig 10, B). Anti-H. rhossiliensis A3al purified by a 
C. eleaans affinity column chromatography was compared with 
antiserum against H. rhossiliensis A3al purified by a H. 
rhossiliensis 62 affinity column to show strain-specific 
bands in H. rhossiliensis A3al immunoblots (Fig 11). A 129 
kDa band appeared both in C. eleaans infected H. 
rhossiliensis A3al and H. rhossiliensis A3al immunoblots 
which was not reduced by affinity column chromatography and 
was therefore of fungal origin. This 129 kDa protein could 
be used as a marker to characterize H. rhossiliensis A3al. 
H. rhossiliensis 62 with anti-H. rhossiliensis 62 purified 
by a H. rhossiliensis A3al affinity column chromatography 
was compared with C. eleaans infected H. rhossiliensis 62 
for 48 h with anti-H. rhossiliensis 62 purified by a C. 
eleaans affinity column to show strain-specific proteins. 
Proteins detected at 42, 50, 59, and 68 kDa, which were 
fungal origin, can be used as H. rhossiliensis 62 isolate- 
specific markers (Fig 12). In addition, proteins at 200, 
241, and 245 kDa occurred only in the nematode infected H. 
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A B 
Fig 9. Proteins obtained by SDS gel electrophoresis and 
immunoblotting. A) H. rhossiliensis A3al proteins with 
antiserum to H. rhossiliensis A3al, and B) H. 
rhossiliensis A3al proteins with antiserum to H. 
rhossiliensis A3al purified over a C. eleaans protein 
column by immunoabsorption chromatography. Panel B shows 
a significant reduction in cross-reacting antibodies 
following purification by affinity column chromatography. 
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129 
Fig 10. Proteins obtained by SDS gel electrophoresis and 
immunoblotting with antiserum agaisnt H. rhossiliensis A3al 
and H. rhossiliensis 62. A) Anti-H. rhossiliensis A3al 
purified by immunoabsorption chromatography against H. 
rhossiliensis 62 protein, showing protein bands at 40, 45, 
and 129 kDa which are specific for H. rhossiliensis A3al. 
and B) Anti-H. rhossiliensis 62 purified by immunoabsorption 
chromatography against H. rhossiliensis A3al, showing a 
protein band at 37 kDa which is specific for H. 
rhossiliensis 62. 
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Fig 11. Proteins obtained by SDS gel electrophoresis and 
immunoblotting with antiserum against H. rhossiliensis A3al. 
A) H. rhossiliensis A3al with anti-H. rhossiliensis A3al 
serum purified by immunoabsorption chromatography, and B) C. 
eleqans infected with H. rhossiliensis A3al for 48 h with 
anti-H. rhossiliensis A3al serum purified by affinity column 
chromatography. This figure shows that the 129 kDa protein 
which is characteristic of H. rhossiliensis A3al can be 
detected at 48 h in C. eleqans infected nematodes. 
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Fig 12. Proteins obtained by SDS gel electrophoresis and 
immunoblotting with antiserum against H. rhossiliensis 62. 
A) H. rhosssiliensis 62 with antiserum against H. 
rhossiliensis 62 purified against a H. rhossiliensis A3al 
protein by affinity column chromatography, and B) C. eleaans 
infected H. rhossiliensis 62 for 48 h with anti-H. 
rhossiliensis 62 serum purified against C. elegans protein 
by affinity column. Proteins at 200, 241, and 245 kDa were 
present in the nematode infected fungal sample indicating 
fungal proteins. Proteins at 42, 50, 59, and 68 kDa 
occurred in both protein samples. 
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rhossiliensis 62 for 48 h immunoblots indicating these 
proteins were produced during parasitism. 
Proteins of C. eleaans infected by H. rhossiliensis 62 
for 48 h with antiserum against C. eleaans infected with H. 
rhossiliensis 62 for 48 h and purified by a C. eleaans 
affinity column chromatography showed ^ novo protein during 
parasitism at 173 kDa (Fig 13, A). Proteins at 18, 20, 22, 
35, 66, 74, 94, 117, 148, 187, and 246 kDa were detected 
during parasitism utilizing proteins of C. eleaans infected 
with H. rhossiliensis 62 for 48 h with antiserum against 
infected C. eleaans with H. rhossiliensis 62 for 48 h (Fig 
13, B). Novel proteins formed during parasitism at 31, and 
32 kDa were present using proteins of C. eleaans infected H. 
rhossiliensis 62 for 48 h with antiserum against infected C. 
eleaans with H. rhossiliensis 62 for 48 h purified by a H. 
rhossiliensis 62 affinity column chromatography (Fig 13, C) . 
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Fig 13. Proteins obtained by SDS gel electrophoresis and 
iminunoblotting with antiserum against H. rhossiliensis 62 
infected nematodes. A) C. eleaans infected H. rhossiliensis 
62 for 48 h with anti-C. eleaans infected H. rhossiliensis 
62 for 48 h serum purified against a C. eleaans affinity 
column. B) C. eleaans infected H. rhossiliensis 62 for 48 h 
with anti-C. eleaans infected H. rhossiliensis 62 for 48 h 
serum. C) C. eleanas infected H. rhossiliensis 62 for 48 h 
with anti-C. eleaans infected H. rhossiliensis 62 for 48 h 
serum purified against a H. rhossiliensis 62 affinity 
column. De novo protein was detected at 173 kDa. Proteins 
at 18, 20, 22, 35, 66, 74, 94, 117, 148, 187 and 246 kDa 
were present from parasitism. Proteins at 31, 32 kDa were 
new proteins. 
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CHAPTER V 
DISCUSSION 
The current work is an extension of the research of 
Coles, ^ ^ (1989, in press) in which the nematophagous 
fungus Drechmeria coniosoora was used to study interactions 
between a fungus and its nematode host. The previous study 
did not identify ^ novo fungal proteins produced during 
parasitism, but only those proteins originally found in 
noninfected nematodes or in the fungus. Utilizing antiserum 
to H. rhossiliensis. infected nematodes purified through an 
affinity column, novel fungal proteins produced during 
pathogensis were detected on immunoblots. This is the first 
experiment examining ^ novo proteins associated with the 
interaction of a nematophagous fungus and its nematode prey. 
The cuticle, the outer layer of nematodes secreted by the 
hypodermis, consists of several layers which differ in 
structure and constitution. To parasitize nematodes, 
nematophagous fungi must release enzymes to degrade the 
cuticle. Immunoblots indicated that H. rhossiliensis 62 
produced novel proteins, most likely enzymes, which 
facilitate penetration and colonization. 
Comparison of protein patterns of D. coniospora (from 
Coles ^ in press ) are greatly different from those of 
H. rhossiliensis based on SDS exponential gradient gels. 
Thus, the two species are readily differentiated by protein 
patterns on SDS-exponential gradient gels. Using raw 
soluble proteins for analysis by SDS-polyacrylamide gels. 
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partial succGss was obtainsd. in disciriininating between 
fungal species on the basis of protein patterns (Glyn and 
Reid, 1969). This work demonstrated that SDS-exponential 
gradient gels give better separation of proteins and are a 
potential tool in the classification of plant pathogenic 
fungi. Compared to the rDNA technique, SDS-PAGE proved to 
be more convenient, economical, and less time-consuming. 
Comparision of protein patterns of two strains of H. 
rhossilienisis on SDS-exponential gradient gels showed 
differences between them, which could be applied as a method 
to characterize sub-species of nematophagous fungi. This is 
the first successful sub-species classificaiton of H. 
rhossiliensis. H. rhossilienisis isolates also showed 
distinct serological patterns on immunoblots which could 
also be used to differentiate sub-species. Affinity column 
chromatography supplemented Western blotting in the 
characterization of nematophagous fungi by eliminating 
cross-reacting antibodies. Though cross-reactive materials 
were not completely deleted, we were able to discriminate H. 
rhossiliensis A3al from H. rhossiliensis 62 by 
immunoblotting. Immunoblotting proved to be more sensitive 
than SDS gel electrophoresis in differentiating sub-species, 
but was more time-consuming. Fungal proteins were 
segregated from the fungus-nematode complex by purifying 
anti-H. rhossiliensis antiserum against C. elegans protein 
to remove cross-reacting antibodies. H. rhossiliensis 62 
proteins identified from infected nematodes differed 
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significantly from those of H. rhossiliensis A3al from 
infected nematodes. The presence of extra protein bands on 
immunoblots suggests that H. rhossiliensis 62 is a more 
effective parasite and produces different enzymes during 
parasitism. This is consistent with the results from the 
pathogenicity tests. The results also demonstrated that 
closely related nematophagous fungi which show differences 
in pathogenicity could be differentiated by combining 
Western blotting with the affinity column technology. Such 
differences in pathogenicity are known for D. coniospora. 
Durschner (1983) reported on a strain of this fungus that 
did not infect Ditvlenchus triformis. whereas Jansson, ^ ^ 
(1988) found a strain which infected the closely-related 
plant parasitic nematode species D. dipsaci. These reports 
indicated strain specific differences in D. dipsaci, which 
could be demonstrated by the technology used in the current 
work. 
Novel proteins in the fungus-nematode complex were 
detected on immunoblots applying proteins of fungus infected 
nematodes for 48 h with antiserum against the nematode- 
fungus complex for 48 h. Purified C. eleqans, infected with 
H. rhossiliensis 62 antiserum, was employed to segregate 
fungal novel proteins from the fungus-nematode complex. 
Cross-reacting antibodies to C. eleqans proteins were 
removed by running H. rhossiliensis 62- C. eleqans 
antiserum at 48 h through a C. eleqans affinity column. A 
novel protein at 173 kDa was detected on the 
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immunoblots. This low molecular weight protein produced 
from the nematode-fungus interaction could serve as a marker 
for identification of H. rhossiliensis isolates. This 
result indicated that the release of new proteins is 
necessary to successful parasitism. Nematode-destroying 
fungi utilize many different methods to parasize specific 
hosts such as trapping structures, nematotoxins, 
antibiotics, and chemical attractants (Barron, 1977). To 
penetrate the nematode cuticle, fungi have to release 
specific enzymes. Six isolates of H. rhossiliensis possess 
different pathogenicities indicating that they might produce 
different concentrations and/or types of proteins during 
parasitism. To distinguish among pathogenicities of the six 
isolates of H. rhossiliensis. further investigations should 
emphasize identification and characterization of these 
proteins. 
New proteins at 31, and 32 kDa appeared during the 
nematode-fungus interaction. These proteins are, probably 
degradation products of the cuticle. 
Protein bands from the nematode and fungus complex showed 
similar patterns to those from H. rhossiliensis 62. 
Results indicated that there were some cross-reactivity 
between the nematode and fungus protein which was not 
completely eliminated. This implied that new fungal 
proteins could not be fully characterized from the fungus- 
nematode complex. This also implied that concentrations of 
de novo proteins were not high enough to be recognized by 
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the specific antiserum, or they were not immunogenic. One 
explanation is that an affinity column does not purify 
variant antiserum after many usages. After passing various 
antiserum through affinity columns with many times, 
impurities occupied at different antigen sites which 
recongnized specific antiserum and resulted in background 
reactions. Though affinity columns were regenerated by 
washing through with TBS-saline buffer several times after 
each use, all background on the immunoblots was not 
eliminated. New affinity columns should be established for 
one specific antiserum to avoid contamination. 
De novo proteins were detected on the immunoblots 
utilizing proteins of fungus infected nematodes with 
antiserum against the nematode-fungus complex. Fungus- 
nematode cross-reacting proteins were removed by passage 
through an affinity column. New affinity columns should be 
established or regenerated to eliminate impurities each time 
after use. When not washed, background interferes with the 
interpretation of results. To complete parasitism, 
nematophagous fungus might release enzymes facilitating the 
process. Futher work needs to characterize and analyze 
these new de novo proteins to gain better understanding of 
the nematode-fungus interaction. 
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Appendix A. Formula of 7.5-20% gradient gel 
Solutions 
A B 
Monomer (30%T 2.7%CBis) 17ml — 
Monomer + 75% Glycerol (30%T 2.7%CBis) — 10.2ml 
Running Gel Buffer (1.5 M tris-Cl, pH 8.8) 17ml 4.26ml 
10% SDS 680ul 170ul 
H20 33ml 1.2ml 
10% Ammonium Persulfate 150ul 38ul 
TEMED 22.6ul 6ul 
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Appendix B. Formula of stacking gel solution 
Monomer (30%T 2.7%CBis) 2.66ml 
Stacking Gel Buffer (0.5 M tris-Cl pH 6.8) 5.0ml 
10% SDS 0.2ml 
H20 12.2ml 
10% Ammonium Persulfate lOOul 
TEMED lOul 
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